We present a nonradioactive in situ hybridization (ISH) protocol for detection of "As in rat liver encoding for three peroxisomal proteins: catalase and urate oxidase as representatives of high-level abundance "As and trifunctional protein (PH) as that of low-level abundance "As.
Introduction
One of the unique features of peroxisomes in rodent liver is their ability to proliferate in response to treatment with a large variety ofxenobiotic compounds (Beier and Fahimi, 1991; Lock et al., 1989; Reddy and Lalwani, 1983) . Importantly, the massive increase in size and number of peroxisomes is usually accompanied by a significant elevation of the peroxisomal lipid P-oxidation enzymes (Fahimi et al., 1982; Lazarow and deDuve, 1976) which is due to increased transcription of the respective genes (Reddy and Mannaerts, 1994; Nemali et al., 1988; Reddy et al., 1986) . Other peroxisomal ' Supported by grants from the Deutsche Forschungsgemeinschaft: Ba * Correspondence to Dr. E. Baumgart, Dept. of Anatomy and Cell Bi-115511-2 (EB), SFB 352, project C7 (HDF), and Vo 317/4-1 (AV). ology (11). INF 307, 69120 Heidelberg, Germany. stantiated by reciprocal localization of transcripts for albumin and glyceraldehyde-3-phosphate dehydrogenase in different regions of the liver lobule and for catalase in the proximal tubules ofthe renal cortex. Whereas in control livers the transcripts for PH were barely detectable, a strong signal was found in pericentral hepatocytes of bezafibratetreated animals, corresponding to an 8-lO-fold increase of mRNA detected in dot-blots. In contrast, the urate oxidase mRNA was reduced by more than 50%, with diminution of staining in pericentral regions of the liver lobule. The mRNA encoding for catalase was only slightly affected. Further applications of this protocol should be helpful in elucidation of the cell-specific transaiptional regulation of peroxisomal proteins in various organs under normal and pathological conditions. ( J Hisrochem Cpchem 44: [825] [826] [827] [828] [829] [830] [831] [832] [833] [834] 1994) KEY WORDS: In situ hybridization; cRNA probes; Digoxigenin; Liver lobule; Hypolipidemic drugs; Bezafibrate; Peroxisomes; Transcription; Catalase; Urate oxidase; B-Oxidation. enzymes, such as catalase, D-amino acid oxidase, urate oxidase, and a-hydroxy acid oxidase, are either unchanged or reduced by such treatment (Beier et al., 1988; Leighton et al., 1975) . Whereas the increased transcription of genes encoding the p-oxidation enzymes has been well documented by Northern blotting (Nemali et al., 1988; Reddy et al., 1986) , little is known about the exact spatial distribution of corresponding "As in the liver lobule. The proliferation of peroxisomes, however, is quite heterogeneous, with many compounds being more pronounced in pericentral (Zone 3) region of the liver lobule (Gorgas and Krisans, 1989; Baumgart et al., 1987; Moody and Reddy, 1976) . Using immunoelectron microscopy with protein A-gold and quantitative image analysis, we recently showed that the elevation of individual P-oxidation enzymes varies in different parts of the liver lobule, depending on the type of xenobiotic compound used (Lindauer et al., 1994) . In view of the paucity of information on lobular distribution of "As encoding for peroxisomal proteins and the complexity of the regu-82 5 lation of their induction, we decided to investigate this problem by in situ hybridization (ISH) in normal liver and after treatment with a peroxisome proliferator. Hitherto, there have been only two short reports concerning in situ hybridization of mRNAs of peroxisomal proteins in rat liver. Bout et al. (1990) studied the alterations of transcripts for 3-ketoacyl-CoA thiolase after treatment with a plasticizer, di(ethylhexyl)phthalate, and Rao et al. (1994) recently reported the distribution of mRNA for trifunctional enzyme (PH) in neoplastic nodules induced by treatment with ciprofibrate. In both studies, 35S-labeled cDNA probes were used.
In view of the recent improvements in various technical aspects of in situ hybridization, reflected in several state-of-the-art reviews published in this and other journals (Coulton, 1995; Stahl and Baskin, 1993) , the present study was designed with the aim of developing a sensitive nonradioactive ISH protocol for detection of mRNAs encoding for different peroxisomal proteins with various levels of expression in normal liver. Therefore, catalase and urate oxidase were selected as representatives of high-level and PH as that of low-level abundance mRNA. In addition to normal rats, animals treated with a single dose of bezafibrate were studied. In parallel experiments, the mRNAs encoding for the same proteins were analyzed by Northern blotting and their alterations induced by the treatment were quantified. The results document for the first time the uniform distribution of transcripts for catalase and urate oxidase (UOX) in normal liver and the marked elevation of mRNA encoding for PH in pericentral hepatocytes of treated animals. Interestingly the mRNA for UOX appears to be reduced in the same region of the liver lobule. An abstract of this study was presented at the recent Aspen conference on peroxisomes (Schad et al., in press ).
Materials and Methods
Animals. Male Sprague-Dawley rats weighing 200-250 g were used for all experiments. They were kept on a normal laboratory diet and water ad libitum. They were housed in cages and treated in compliance with the guidelines for the humane care and use of laboratory animals of the Federal Republic of Germany. Some rats were treated with a single dose (75 mglkg body weight) of the hypolipidemic drug bezafibrate (Boehringer Mannheim; Mannheim, Germany) for 24 hr. All animals were fasted overniaht (16 hr) before sacrifice.
Tissue Processing for In Situ Hybridization. The animals were anesthesized with chloral hydrate and after a 30-sec rinse with saline were perfused for 5 min via the abdominal aorta with a fixative containing 4% freshly depolymerized paraformaldehyde, 0.05% glutaraldehyde in phosphate buffered saline (10 mM phosphate buffer with 137 mM NaCl and 2.7 mM KCI at pH 7.4). The livers and kidneys were removed, cut into 2-3-mm slices, and postfixed for 4 hr by immersion in the same fixative without glutaraldehyde. One-two-mm-thick slices were embedded in paraffin using an automated vacuum infiltration tissue processor (Shandon-Hypercenter; Shandon, Frankfurt, Germany). Four-pm-thick sections were cut with a Leica-2000-R-Microtom (Leica Instruments; Nussloch, Germany) and were picked up on slides pretreated with 3-aminopropyltriethoxysilane (Sigma; Deisenhofen, Germany). For comparison, in a few experiments 2-4-pm frozen sections from the same fxed tissues were cut in a cryostat (DamonlIEC; Needham Hts, MA) and processed in parallel. kindly provided by Professors Hashimoto and Osumi (Shinshu University; Matsumoto, Japan) and Prof. Motojima (Toho University; Funabashi, Chiba, Japan), respectively. For generation of cRNA probes, the inserts were subcloned into pGEM 3Zf( -) or 7Zf( -) (Promega-Serva; Heidelberg, Germany), plasmid vectors containing different RNA polymerase promoters on each side of the multicloning site. The probe for albumin, used as a positive control, was cloned in our laboratory by screening of a Z a p human liver cDNA library (Stratagene; Heidelberg, Germany), followed by in vivo subcloning of the pBluescript I1 SK (-) plasmid vector. The vector containing the cDNA for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was a gift of Dr. K. H. Stegmeier (Boehringer Mannheim). A plasmid containing a 280-BP cDNA insert for rat b-actin was provided by Dr. R. Leube (German Cancer Research Center, Heidelberg, Germany). All vectors used for probe generation for ISH are depicted in Figure 1 . Digoxigenin-labeled cRNA probes were prepared as run-off transcripts from linearized plasmids by in vitro transcription using a DIG-RNA labeling kit (Boehringer Mannheim). Briefly, 1 wg linearized template DNA was incubated for 2 hr at 37°C in 20 pI of a mixture containing 40 U of the appropriate RNA polymerase, NTP labeling mixture (1 mM each ATP, CTP, GTP. 0.65 mM UTP, and 0.35 mM digoxigenin-labeled UTP), transcription buffer, and 20 U RNAse inhibitor (RNAsin). The reaction was stopped by adding 2 pl of 0.2 M EDTA (pH 8.0) and the transcripts were precipitated with 2.4 pI M LiCl and 75 pI ethanol at -2O'C overnight. After pelleting and washing with cold 70% ethanol, the transcripts were resuspended in 50 pI diethyl-pyrocarbonate (DEPC)-treated water. Before hybridization, the transcripts were cleaved into 200-base fragments by limited alkaline hydrolysis: 10 pg riboprobe was incubated in a total volume of 100 p1 containing 20 mM NaHC03, 30 mM Na2CO3 (pH 10.2) at 60°C. The incubation time was calculated according to:
The hydrolysis was stopped by adding 32.2 p1 of 0.37% HCI and 300 pi cold ethanol. After precipitation, the probes were pelleted and resuspended in 50 pl DEPC-treated water and stored at -20°C until use. For standardization of the hybridization protocol, cRNA probes for albumin and GAPDH were used as positive controls. In addition, sense probes (mRNA) were also generated as negative controls using the opposite RNA polymerase promoters.
In Situ Hybridization. After deparaffinization and rehydration, the sections were pretreated with 0.1 M HCI and digested for 30 min at 37°C with proteinase K (Sigma) at the following concentrations: liver 10-30 pglml; kidney 10 pgiml in TE buffer (100 mM Tris, 50 mM EDTA, pH 8.0), followed by 5-min postfixation in freshly prepared 4% paraformaldehyde in PBS (pH 7.4). Subsequently, the sections were acetylated with 0.25% (vlv) acetic anhydride in 0.1 M triethanolamine at pH 8.0, followed by dehydration in ethanol and air-drying. The sections were prehybridized for 2 hr at 45'C in a mixture consisting of 50% (viv) formamide, 50 mM Tris-HCI (pH 7.5). 25 mM EDTA, 20 mM NaCI, 250 pglml yeast tRNA, and 2.5 x Denhardt's solution [50 x Denhardt's consists of 1% (wlv) each of Ficoll 400, polyvinyl-pyrolidone, and bovine serum albumin (BSA)].
The hybridization mixture contained 5 ngipl riboprobe, 50% formamide, 20 mM Tris-HCI (pH 7.5). l mM EDTA, 0.33 M NaCI. and 10% dextran sulfate in a total volume of 20 pl per section. Each section was covered by a siliconized (Sigmacote; Sigma) coverslip, sealed with rubber cement, and hybridized overnight at 45'C. To remove the excess probe, the sections were washed at 53°C with 2 x SSC (standard saline citrate buffer, 300 mM NaCI, 30 mM sodium citrate, pH 7.2) for 30 min and 1 x SSC/50% (viv) formamide for 1 hr, followed by 0.5 x SSC twice for 10 min and 0.2 x SSC for 10 min at room temperature. Before digoxigenin detection, Preparation of Riboprobes. Plasmid vectors containing cDNA inserts encoding parts of rat catalase (Osumi et al., 1984) , trifunctional enzyme (PH) (Osumi et al.. 1985) . and urate oxidase (Motojima et al.. 1988) were nonspecific binding sites were blocked with 1% (wlv) blocking medium (Boehringer Mannheim), 0.5% (wlv) bovine serum albumin in TBS buffer (100 mM Tris, 150 mM NaCI, pH 7.5). The sections were incubated over-night at 4'C with alkaline phosphatase-labeled anti-digoxigenin Fab fragments (Boehringer Mannheim) diluted 1:500 with the blocking buffer. After remaVal of unbound antibody by several TBS washes, the staining reaction for alkaline phosphatase was performed at pH 9.5 in NTM buffer (100 mM NaCI, 100 mM Xis, 50 mM MgC12) containing 337.5 pg/ml NBT (nitroblue tetrazolium salt), 175 pglml BCIP (5-bromo-4-chloro-3-indolyl phosphate), and 250 pglml levamisole (Sigma). The reaction was stopped with TE (100 mM Tris, 1 mM EDTA, pH 8.0) and the sections were counterstained with hematoxylin and mounted with glycerol-gelatin. Table 1 summarizes all steps of the hybridization procedure described above.
Illustrations. All sections were analyzed using a Zeiss-Axiophot light microscope (Carl Zeiss; Oberkochen, Germany). Photographs were taken on Kodak Ektachrome film (Eastman Kodak; Rochester, NY). To preserve the original colors, the presented slides were prepared as digitalized images. The slides were scanned with an Agfa-Arcus plus scanner ( Agfa-Gevaert; Koln, Germany) and the resulting images were prepared with Corel-Draw and Corel-Photopaint (version 5.0) software on a 486/DX2-80 personal computer. The final plates were submitted as digital files.
RNA Isolation and Nonradioactive Northern Blotting. For isolation of total liver RNA, three controls and three bezafibrate-treated rats were anesthesized with chloral hydrate and the livers were immediately excised and frozen in liquid nitrogen.
Total RNA was isolated from 200 mg of liver tissue using a Roti-Quick RNA isolation kit (Carl Roth Karlsruhe, Germany). Purified RNA was stored in DEPC-water at -80°C before further use. For preparation of Northern blots, 20 pg total RNA per lane was loaded after denaturation on formaldehyde-agarose gels (Sambrook et al., 1989) , electrophoresed, and blotted overnight onto Hybond N' nylon membranes by capillary transfer using 20 x SSC as transfer buffer. After crosslinking of the RNA by W, the membranes were prehybridized for 2 hr at 68'C in a solution containing 5 x SSC, 50% formamide, 0.1% sodium laurylsarcosine, 0.02% sodium dodecyl sulfate, and 2 % Boehinger blocking solution (Boehringer Mannheim). Hybridization was carried out overnight at 68°C in the same mixture containing, in addition, 100 ng/ml specific digoxigenin-labeled cRNA probes. The specific hybridization signals were visualized by alkaline phosphatase-labeled goat anti-digoxigenin Fab fragments and subsequent detection by chemiluminescence (CDP star as substrate, Boehringer Mannheim and Kodak Bio Max films) according to the manufacturer's specifications. total RNA per spot was applied to Hybond N' membranes after w crosslinking and was processed as described above for the Northern blots.
The mRNA values in different samples were standardized according to the intensity of corresponding signals for the @actin messages. Quantitative analysis of individual dots was carried out using a Chromoscan 3 scanner Uoyce Loebe, Biotec-Fischer; Reiskirchen, Germany). Quantitative results are presented as ratiosof mRNA levels in livers of bezafibrate-treated animals to controls.
For preparation of dot-blots, 1 
Results
The mRNAs encoding for several peroxisomal proteins were detected in rat liver and kidney by nonradioactive ISH. Paraffin sections hybridized with catalase and UOX cRNA probes revealed a homogeneous distribution of the corresponding mRNAs across the liver lobule (Figures 2a and 2b) . In contrast, sections incubated in parallel for detection of albumin and GAPDH mRNAs showed distinct lobular gradients (Figures 3a and 3b ). Whereas the staining for albumin mRNA was more pronounced in periportal areas, the staining for GAPDH mRNA was stronger in pericentral regions (Figures 3a and 3b) . In sections hybridized for detection of catalase mRNA at higher magnification, the specific reaction product appeared as small aggregates in the cytoplasm, mainly concentrated in the perinuclear region of the hepatocytes (Figure 2c ). This pattern was already detectable after 1-2 hr of incubation with NBT/BCIP, with optimal staining achieved at 6 hr. No further intensification of the color reaction was found using prolonged staining beyond 24 hr or by using frozen sections instead of paraffin sections (data not shown). No cross-hybridization of the cRNA probes was observed with genomic DNA of the nuclei or ribosomal RNA of nucleoli (Figures 2c and 2f) . The positive reaction for catalase or UOX mRNAs was confined only to hepatocytes, whereas even after 24 hr of staining the epithelial cells of bile ducts, Kupffer cells, fat-storing cells, endothelial cells, and other somatic cells such as fibroblasts remained negative (Figure 2c ). Appropriate controls using mRNA (sense) probes for hybridization were negative, confirming the specificity of the method used (Figure 2d ). Further support for the specificity of the staining reaction was provided by hybridization of rat kidney sections, which revealed catalase mRNA only in the P3 segment of the proximal tubules (Figures  2e and 2f) , which are known to contain a great number of large peroxisomes (Zaar, 1992) . The distal tubules, loops of Henle, collecting ducts, and renal glomeruli remained negative (Figures 2e  and 2f ). Moreover, no specific reaction for UOX mRNA was found in kidney sections, even after prolonged incubation periods (data not shown), which is consistent with the absence of this protein in rat kidney . In addition to catalase and UOX mRNAs, we tried to localize the mRNA of a less abundant peroxisomal protein, the trifunctional enzyme (PH), which carries out the second and third steps of the peroxisomal palmitoyl-CoA boxidation (Hashimoto, 1982) . After hybridization of the cRNA probe for PH with liver sections of control animals, only an extremely weak signal could be detected (Figure 3f ). On the other hand, a strong signal for PH was ob--, served in liver sections of animals treated for 24 hr with a single dose of bezafibrate (Figure 3d) . A clear lobular gradient was visible, with greater concentration of the mRNA in pericentral regions of the liver lobule. In contrast, in the same treated animals, the staining for mRNA of UOX showed a gradient, with higher portal and lower pericentral values in the liver lobule (Figure 3c ). The pattern for catalase mRNA was unchanged, remaining uniform across the liver lobule (Figure 3e ). The alterations of mRNA levels for peroxisomal proteins in the livers of animals treated with a single dose of bezafibrate were corroborated by nonradioactive Northern blot analysis and quantitative assessment ofRNA dot-blots using the same digoxigenin-labeled cRNA probes as used for ISH (Figures 4 and 5 ) . The Northern blots clearly demonstrated the specific binding of the probes to mRNAs of appropriate sizes (Figure 4) . Comparable intensities of mRNA signals encoding for different peroxisomal proteins were found with RNA dot-blots (Figure 5) , which in our hands are more suitable for accurate quantification. Whereas the mean level of mRNA for catalase was only slightly affected by bezafibrate treatment, the mRNA for PH was elevated 8-10-fold. On the other hand, the mRNA for UOX was reduced by more than 50% in treated rats (Figure 5 ).
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Discussion
The present study has revealed the distribution of mRNAs encoding for several peroxisomal proteins in rat liver and kidney using a nonradioactive ISH technique. The exclusive localization of transcripts in liver parenchymal cells and their absence from bile duct epithelial cells and sinusoidal and perisinusoidal cells, as well as the completely negative staining of controls incubated with the sense probes, demonstrate clearly the specificity of the method. In addition, the confinement of catalase transcripts to proximal tubules of rat kidney that contain many large peroxisomes (Zaar, 1992) confirms the specificity and shows the excellent cytological resolution of the in situ hybridization technique used. This notion is supported further by the high quality of preparations for albumin and GAPDH mRNAs that were used as positive controls. The stronger expression of albumin mRNA in periportal regions of the liver lobule is consistent with previous reports (Saber et al., 1990 ; Poliard et al., 1986) . The higher expression of mRNA for GAPDH, a glycolytic enzyme, in pericentral hepatocytes corresponds to the higher levels of glycolysis in that region of the liver lobule Uungermann and Katz. 1989). There are several aspects of the ISH protocol used here that appear to be important for the qualityofour results and deserve brief consideration.
Perfusion -fiution of the Liver
This method of fixation has been shown to be superior to immersion, not only for ultrastructural preservation of the liver (Fahimi, 1967) but also for cytochemistry (Fahimi. 1975) and immunocytochemistry of peroxisomal enzymes (Fahimi and Baumgart, 1993) . as well as for in situ hybridization (Saber et al., 1990; Wojcik et al., 1988; Tournier et al., 1987) . The initial rinsing of the liver with saline removes the blood components from the vascular spaces, exposing the hepatocytes directly to the fixative and preventing the loss of mRNA. In recent studies we have also used the ISH protocol reported here for immersion-fixed material, but the results are not as uniform and reproducible as those obtained with perfusion-fixed tissues. The use of 4% paraformaldehyde as the fixative of choice for ISH has been advocated by a number of authors (Moorman et al., 1993; Guiot and Rahier, 1995; Wilcox, 1993; Hofler, 1990 Tournier et al., 1987 , but in our experience the addition of 0.05Oh glutaraldehyde to the formaldehyde improved the quality of cytological preservation without interfering with the penetration of probes.
Paraflin Em bedding
Although frozen sections (Bachmann et al.. 1993; Moorman et al., 1993;  Wilcox. 1993; Kominoth et al., 1992; Hofler, 1990) or floating vibratome sections (Saber et al., 1990) have been recommended for ISH by most authors, we found, in agreement with Tournier et al. (1987) . that paraffin sections provided better cytological detail, with a comparable degree of sensitivity for detection of mRNAs encoding for peroxisomal proteins. Moreover, paraffin blocks can be stored indefinitely without any problems, and are also less fragile and easier to handle.
Proteinase K Treatment -
This was the most critical step in our protocol, determining the outcome and the reproducibility of the results. In agreement with Guiot and Rahier (1995) . we found that the treatment conditions SCHAD, FAHIMI, V6L.KL. BAUMGART with proteinase K for adequate visualization of mRNAs exhibited a narrow window. Whereas "underdigestion" led to a low signal, "overdigestion" caused loss of morphological details, often giving rise to negative results. We therefore adapted a cautious approach by testing each new block with several concentrations of proteinase K Pglml, 30 min at 37°C) to determine the optimal treatment conditions. Once those conditions were known for a given tissue, they could also be used for optimal detection of other transcripts, using the same concentrations of different probes.
Digoxzgenin-labeled cRNA Probes
The advantages of cRNA probes for ISH (Cox et al., 1984) have been demonstrated and discussed by several authors (Wilcox, 1993; Kominoth et al., 1992; Hofler, 1990; Angerer and Angerer, 1991) . The cRNA probes used in the present study were derived from cDNA inserts in plasmids covering a major part of the mRNA target sequence. This provides improved sensitivity over the use of oligonucleotide probes. The preparation of digoxigenin-labeled probes, using the kit provided by Boehringer Mannheim, is simple, does not require advanced knowledge of molecular biology, and obviates the need for special laboratory facilities for handling radioisotopes. In addition, the ISH with digoxigenin-labeled probes has the advantages of better cytological resolution with almost no background and a substantially shorter processing time of 3-4 days compared to several weeks required for the exposure of autoradiographic films. Moreover, the probes can be used in parallel for both ISH as well as Northern blotting. Finally. the digoxigenin-labeled probes can be stored without appreciable loss of activity, whereas the radioactive probes have only limited half-lives. The observation that in normal rat liver only the transcripts of catalase and UOX were clearly visualized, whereas those of PH were barely detectable (Figure 3f) , is not necessarily an indication of the lower sensitivity of our ISH protocol. Indeed. Northern blot analysis and quantitative dot-blot assessment using the same digoxigenin-labeled probes revealed a low level of mRNA for PH in the livers of control rats (Figures 4 and 5) . Moreover, the application of radioactive probes for ISH in previous studies failed to reveal any signal for transcripts of PH (Rao et al., 1994) or thiolase (Bout et al., 1990) in untreated rats, although a clear signal was detected after treatment with peroxisome-proliferating compounds. This implies that the sensitivity of the ISH protocol described here is at least comparable to that of the radioactive approach. This conclusion is also in line with the systematic studies of Kominoth et al. (1992) comparing the sensitivities of the digoxigenin and the radioactive technique for ISH.
Hepatic Zonal Heterogeneity of the Induction of mRNAs Encoding for Peroxisomal Proteins
A novel finding of the present study is that the transcripts for PH were elevated mainly in pericentral hepatocytes of rats that had received 24 hr earlier a single intragastric dose of bezafibrate. Because the first evidence of proliferation of peroxisomes is observed between 1-3 days (Reddy and Lalwani, 1983) , the ISH appears to be the earliest morphological indicator for detection of the effects of peroxisome-proliferating compounds. By Northern blotting, the first indications of elevation of mRNAs for PH and acyl-CoA oxidase have been reported as early as 1 hr, reaching a maximal 23fold increase over the controls at 16 hr after drug administration (Reddy et al., 1986) . Similar kinetics were also reported by Bell et al. (1990) , although in their study the increase of acyl-CoA oxidase transcripts first started at 8 hr after intraperitoneal administration of the drug methylclofenopate. In both reports, the mRNA contents of @oxidation enzymes increased approximately 15-30-fold, depending on the type of drug and the dosage used, and reached a plateau at 16-30 hr. On the basis of those observations, we studied the livers of animals at 24 hr after a single dose of bezafibrate, expecting significantly increased transcripts for PH. Indeed, RNA dot-blot analysis revealed an 8-10-fold increase of mRNA for PH, and by ISH a clear signal was observed in pericentral regions of the liver lobule. Bout et al. (1990) also reported that transcripts for 3-oxoacyl-CoA thiolase, another enzyme of the lipid 0-oxidation pathway, were increased in centrilobular hepatocytes. Because the proliferation of peroxisomes as determined by morphometry (Moody and Reddy, 1976) and the concentration of PH protein as revealed by quantitative immunogold labeling are also more pronounced in the same region of the liver lobule (Lindauer et al., 1994) , it is likely that pericentral hepatocytes respond more vigorously to peroxisome-proliferating agents. Recently, several nuclear receptors, called peroxisome proliferator-activated receptors (PPARs), have been identified and were shown in transactivation assays to induce the transcription of peroxisomal &oxidation enzyme genes (Wahli et al., 1995; Green and Wahli, 1994) . Huang et al. (1995) studied the immunohistochemical distribution of rat PPAR-a and found very high levels of expression of this protein in cells surrounding the central veins in the liver. This could explain the marked elevation of mRNA for PH in that same region of the liver lobule. In contrast to the enzymes of the lipid P-oxidation pathway, the "A for catalase is only slightly affected by the peroxisome proliferators (Nemali et al., 1988; Reddy et al., 1986) . This was also observed in our ISH preparations and in Northern blot analysis after treatment with a single dose of bezafibrate, which showed little change in the pattern of catalase mRNA. Interestingly the mRNA for UOX was reduced by more than 50% in the livers of bezafibrate-treated rats (Figure 5 ) , and this was also reflected in ISH by reduced staining, mainly in pericentral hepatocytes (Figure 3c ). The exact mechanism of focal pericentral reduction of UOX transcripts is not known and warrants further investigation.
In summary, the in situ hybridization protocol presented here provides a novel and sensitive nonradioactive approach with good cytological resolution for detection of mRNAs encoding for peroxisomal proteins. Further studies using this protocol should be helpful in elucidation of cell-specific transcriptional regulation of genes of peroxisomal proteins in various organs under normal and pathological or experimental conditions.
